1. Introduction {#sec1-cells-08-01106}
===============

Mammalian intestinal epithelium is maintained by a continuous renewal process comprised of proliferation, migration, differentiation, and apoptosis \[[@B1-cells-08-01106],[@B2-cells-08-01106]\]. A variety of signaling molecules or pathways, including Wnt/β-catenin signaling, are involved in controlling this process \[[@B3-cells-08-01106],[@B4-cells-08-01106]\]. A breakdown of this highly integrated and homeostatic process in the intestinal epithelium is related to several pathological disorders including colorectal cancer (CRC) and inflammatory bowel disease \[[@B5-cells-08-01106],[@B6-cells-08-01106],[@B7-cells-08-01106]\].

The Wnt/β-catenin pathway plays an essential role in early development and tissue maintenance of adults through regulating T-cell factor/lymphoid enhancer-binding, factor-dependent transcription of its target genes \[[@B8-cells-08-01106],[@B9-cells-08-01106]\]. Wnt/β-catenin signaling is strongly associated with the aforementioned homeostatic processes through stem cell maintenance, differentiation inhibition, migration regulation, and localization of epithelial cells along the crypt--villus axis in the intestinal epithelium \[[@B4-cells-08-01106],[@B10-cells-08-01106],[@B11-cells-08-01106]\]. In particular, alterations of Wnt/β-catenin signaling by genetic mutations or epigenetic silencing have been implicated in neoplastic transformation and cancer progression within the intestine \[[@B11-cells-08-01106],[@B12-cells-08-01106],[@B13-cells-08-01106]\].

Peroxisome proliferator-activated receptors (PPARs), which function as transcription factors, are a group of ligand-activated nuclear receptors consisting of three subtypes of PPARs (α, β/δ, and γ) \[[@B14-cells-08-01106],[@B15-cells-08-01106]\]. PPARs play a broad range of biological roles in cell proliferation, differentiation, and apoptosis, as well as metabolism. PPARα, known as a master regulator of lipid metabolism, controls ketogenesis via transcriptionally regulating the expression of mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) \[[@B16-cells-08-01106],[@B17-cells-08-01106]\]. PPARγ, which is also a key regulator of lipid and glucose metabolism, counteracts the effect of Wnt/β-catenin signaling in multiple human diseases including CRC, and high-fat-diet-induced PPARγ induces HMGCS2 expression in cardiomyocytes \[[@B14-cells-08-01106],[@B18-cells-08-01106],[@B19-cells-08-01106],[@B20-cells-08-01106],[@B21-cells-08-01106]\].

HMGCS2 is the rate-limiting enzyme for ketogenesis, which leads to the production of ketone bodies including β-hydroxybutyrate (βHB) \[[@B22-cells-08-01106]\]. Expression and activity of HMGCS2 are regulated by several transcription factors, such as PPARs, and by posttranslational modifications including acetylation \[[@B17-cells-08-01106],[@B23-cells-08-01106]\]. In particular, it has been reported that HMGCS2 expression was repressed by c-Myc, which is activated by the Wnt/β-catenin pathway, in colon cancer cells \[[@B24-cells-08-01106]\]. In human cancers, the expression level and cellular function of HMGCS2 are controversial depending on tissue types; increased expression of HMGCS2 has been observed in breast and prostate cancers, whereas diminished expression has been shown in esophageal squamous cell carcinoma, hepatocellular carcinoma, and CRC \[[@B24-cells-08-01106],[@B25-cells-08-01106],[@B26-cells-08-01106],[@B27-cells-08-01106],[@B28-cells-08-01106]\]. Recently, our laboratory demonstrated that HMGCS2 contributes to intestinal cell differentiation \[[@B29-cells-08-01106]\]. Moreover, it was shown that strong staining of HMGCS2 was detected in the villus, the most differentiated intestinal region \[[@B29-cells-08-01106]\]. This expression pattern of HMGCS2 is inversely associated with the activation level of Wnt/β-catenin signaling, which is high in the bottom part of the crypt and decreased along the crypt--villus axis \[[@B30-cells-08-01106]\].

In this study, we showed that Wnt/β-catenin/PPARγ signaling regulates HMGCS2 expression and βHB production in intestinal cells. Moreover, we found the inhibitory role of the HMGCS2 in glycolysis, which regulates intestinal cell differentiation. Dysregulated Wnt/β-catenin signaling may result in aberrant regulation of ketogenesis and an imbalance in proliferation and differentiation patterns within the intestinal crypts, which is associated with a number of intestinal pathologies.

2. Materials and Methods {#sec2-cells-08-01106}
========================

2.1. Cell Culture, Treatment, and Transfection {#sec2dot1-cells-08-01106}
----------------------------------------------

The human colon cancer cell lines used in these studies, LS174T and Caco2, were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). LS174T and Caco2 cells were cultured in EMEM supplemented with 10% FBS and in MEM with 15% FBS, 1% sodium pyruvate, and 1% nonessential amino acids. The cells were maintained at 37 °C in a humidified 5% CO~2~ incubator. Authentication and mycoplasma contamination tests were performed as described previously \[[@B29-cells-08-01106]\]. Recombinant Wnt3a, an activating ligand of the Wnt/β-catenin pathway and iCRT3, an inhibitor of β-catenin responsive transcription \[[@B31-cells-08-01106]\], were obtained from PeproTech (Rocky Hill, NJ, USA) and EMD Chemicals (San Diego, CA, USA), respectively. Rosiglitazone (RGZ; a PPARγ agonist) and T 0070907 (T007; a PPARγ antagonist) were purchased from Tocris Bioscience (Bristol, UK). 2-Deoxy-[d]{.smallcaps}-glucose (2-DG), a glucose analog that inhibits glycolysis, was obtained from Sigma-Aldrich (St. Louis, MO, USA). Transfection with ON-TARGETplus SMARTpool siRNAs for NTC (catalog \#, D-001810-10), β-catenin (catalog \#, L-003482-00), c-Myc (catalog \#, L-003282-02), PPARγ (catalog \#, L-003436-00), and HMGCS2 (catalog \#, L-010179-00) (Dharmacon, Lafayette, CO, USA) was performed using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Adenoviruses encoding GFP (Ad-GFP, control) and human c-Myc (Ad-c-Myc) were purchased from Vector BioLabs (Malvern, PA, USA).

2.2. Western Blot Analysis {#sec2dot2-cells-08-01106}
--------------------------

Western blotting was carried out as described previously \[[@B32-cells-08-01106]\]. The antibodies for HMGCS2 and PPARγ were obtained from Abcam (Cambridge, MA, USA). The antibodies for β-catenin and β-actin were purchased from Sigma-Aldrich. The antibodies for Axin2 and c-Myc were acquired from Cell Signaling (Danvers, MA, USA). The anti-PPARα antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Densitometric quantification from three separate experiments was done using ImageJ.

2.3. Intestinal Organoid Culture {#sec2dot3-cells-08-01106}
--------------------------------

Isolation and culture of mouse small intestinal organoids was carried out as described previously \[[@B33-cells-08-01106]\]. Briefly, primary crypts were collected from the small intestinal mucosa in mice. Isolated crypts were mixed with Matrigel (BD Biosciences, San Jose, CA, USA) and cultured in basic culture medium (ENR) containing advanced DMEM/F12 medium with 50 ng/mL EGF (PeproTech), 100 ng/mL noggin (PeproTech), and 100 ng/mL R-spondin (PeproTech). After the organoids were grown in ENR medium with or without Wnt3a for 72 h, they were harvested and total proteins were extracted for western blotting.

2.4. RNA Isolation and Real Time Reverse Transcription-PCR (RT-PCR) Analysis {#sec2dot4-cells-08-01106}
----------------------------------------------------------------------------

Total RNA isolation and RT-PCR analysis were performed as described previously \[[@B32-cells-08-01106]\]. Briefly, RT-PCR reactions were performed using cDNA synthesized from 1 µg of total RNA isolated using RNeasy kits (Qiagen, Valencia, CA, USA), High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Austin, TX), a TaqMan Gene Expression Master Mix, and TaqMan probes for human *HMGCS2* (assay ID, Hs00985427_m1), *PPAR*γ (assay ID, Hs01115513_m1), *PPAR*α (assay ID, Hs00947539_m1), *FABP2* (assay ID, Hs01573164_g1), *PLIN2* (assay ID, Hs00605340_m1), *IAP* (assay ID, Hs00357579_g1), *SI* (assay ID, Hs00356112_m1), *p21^Waf1^* (assay ID, Hs00355782_m1), *CDX2* (assay ID, Hs01078080_m1), and *GAPDH* (assay ID, Hs99999905_m1) according to instruction provided by the manufacturer (Applied Biosystems).

2.5. Chromatin Immunoprecipitation (ChIP) Analysis {#sec2dot5-cells-08-01106}
--------------------------------------------------

Chromatin Immunoprecipitation (ChIP) Assay Kit was obtained from Millipore (Bedford, MA, USA). ChIP assay was performed using an anti-PPARγ antibody or IgG (Santa Cruz Biotechnology) in accordance with the manufacturer's protocol (Millipore). LS174T cells were transfected with NTC or β-catenin siRNA, and DNA for the LS174T cells was isolated and analyzed by ChIP-qPCR using PerfeCTa SYBR Green SuperMix, ROX (Quantabio, Beverly, MA). The sequence from the *HMGCS2* promoter region containing PPRE was amplified using the primers: forward, 5′-CAGCCATTCCCACACATGCTCA-3′, and reverse, 5′-GACTTTATAAAGCCCCAAGACT-3′. The primers for the distal region of the *IFN-λ1* promoter as non-regulated control: forward, 5′-TTTAAGGGCAGGTGCAGGGTGTC-3′, and reverse, 5′-TTACCCAATGTGGTGGGCACCATC-3′ \[[@B34-cells-08-01106]\]. ChIP efficiency for an anti-PPARγ antibody or IgG control was shown as a percent of input as described \[[@B35-cells-08-01106],[@B36-cells-08-01106]\].

2.6. βHB Assay {#sec2dot6-cells-08-01106}
--------------

Intracellular βHB concentration was determined using a Beta-Hydroxybutyrate Assay Kit (MAK041; Sigma-Aldrich) according to the manufacturer's protocol. Each plotted value was normalized to cell number used from cell lines and total amount of protein used from organoid cultures, respectively.

2.7. PPAR*γ* and PPAR*α* Transcription Factor Assays {#sec2dot7-cells-08-01106}
----------------------------------------------------

The DNA-binding activity of PPARγ or PPARα was assessed using PPARγ or PPARα Transcription Factor Assay Kits (Abcam), respectively, according to manufacturer's instruction. Briefly, the nuclear proteins, extracted using a Nuclear Extraction Kit (Abcam), was added in wells immobilized with specific PPRE sequences. After incubation with the primary anti-PPARs antibody and HRP-conjugated secondary antibody subsequently, the absorbance was measured at 450 nm to determine the transcriptional activity of PPARγ or PPARα.

2.8. Measurement of Glycolysis {#sec2dot8-cells-08-01106}
------------------------------

The Seahorse XF96 Extracellular Flux Analyzer (Agilent, CA, USA) was used by the Redox Metabolism Shared Resource Facility of the University of Kentucky Markey Cancer Center to measure extracellular acidification rate (ECAR) for glycolysis of LS174T cells. The cells transfected with siRNA were seeded at the density of 3 × 10^4^ cells/well in a XF96 plate 24 h before the measurement. The glycolysis stress test was performed according to manufacturer's protocol and the measurements were normalized to the protein contents in each well. The relative levels of glycolysis and glycolytic capacity, were calculated based on ECAR data obtained in the glycolysis stress tests, using Seahorse Wave software for XF analyzers.

2.9. Intestinal Alkaline Phosphatase Activity {#sec2dot9-cells-08-01106}
---------------------------------------------

Cells were treated with 0, 2.5, 5, and 10 mM 2-DG for the indicated time and intestinal alkaline phosphatase (IAP) activity was determined using Alkaline Phosphatase Yellow (pNPP) Liquid Substrate System (P7998; Sigma-Aldrich) as we have described previously \[[@B29-cells-08-01106]\].

2.10. Statistical Analysis {#sec2dot10-cells-08-01106}
--------------------------

Bar graphs were generated to represent mean ± SD for each cell culture condition. Relative levels of mRNA, βHB concentration, and transcriptional activity of PPARs and IAP activity were calculated based on mean levels in the NTC group or mean of control cell culture conditions. Fold-changes of western blot densitometry relative to control were calculated for each replicate. Statistical tests were performed using two-sample t-test for relative values and glycolysis ECAR levels, one-sample t-test for western blots, or analysis of variance with contrast statements for pairwise testing or test for linear trend across dose levels. Multiple testing was adjusted using the Holm's method. *p*-values \< 0.05 were considered statistically significant.

3. Results {#sec3-cells-08-01106}
==========

3.1. Inhibition of Wnt/β-Catenin Pathway Increased HMGCS2 Expression in Human Intestinal Cancer Cell Lines {#sec3dot1-cells-08-01106}
----------------------------------------------------------------------------------------------------------

Wnt/β-catenin signaling plays a critical role in controlling intestinal cell proliferation and differentiation. Recently, we have shown that ketogenesis contributes to intestinal cell differentiation \[[@B29-cells-08-01106]\]. To determine the regulation of ketogenesis by Wnt/β-catenin signaling in established intestinal cancer cell lines, LS174T and Caco2 cells were transiently transfected with non-targeting control (NTC) siRNA or siRNA targeting β-catenin (β-cat). As shown in [Figure 1](#cells-08-01106-f001){ref-type="fig"}A, β-catenin knockdown resulted in increased protein expression of the ketogenic enzyme HMGCS2 and decreased expression of Axin2, a well-known target of the Wnt/β-catenin pathway \[[@B37-cells-08-01106]\], in LS174T and Caco2 cells. Consistently with the increased protein expression, knockdown of β-catenin elevated the expression of *HMGCS2* mRNA in these cells, as detected by real time RT-PCR ([Figure 1](#cells-08-01106-f001){ref-type="fig"}B).

To further demonstrate the inhibition of the Wnt/β-catenin pathway on HMGCS2 expression, LS174T and Caco2 cells were treated with iCRT3, an inhibitor of Wnt/β-catenin signaling \[[@B31-cells-08-01106],[@B38-cells-08-01106]\]. As shown in [Figure 1](#cells-08-01106-f001){ref-type="fig"}C, treatment with iCRT3 resulted in a dose-dependent induction of HMGCS2 protein expression and decrease of Axin2 protein levels in LS174 and Caco2 cells. In agreement with the increased protein expression, treatment with iCRT3 increased the expression of *HMGCS2* mRNA in these cells, as noted by real time RT-PCR ([Figure 1](#cells-08-01106-f001){ref-type="fig"}D). Together, these results demonstrate that inhibition of Wnt/β-catenin resulted in increased HMGCS2 expression in LS174 and Caco2 cells.

3.2. Activation of Wnt/β-Catenin Signaling Suppressed HMGCS2 Expression in Human Intestinal Cancer Cells and Mouse Small Intestinal Organoids {#sec3dot2-cells-08-01106}
---------------------------------------------------------------------------------------------------------------------------------------------

To decipher the regulation of HMGCS2 expression by Wnt activation, LS174T and Caco2 cells were treated with Wnt3a peptide, an activating ligand of the Wnt/β-catenin pathway \[[@B31-cells-08-01106]\]. As shown in [Figure 2](#cells-08-01106-f002){ref-type="fig"}A, treatment with Wnt3a activated Wnt/β-catenin signaling as noted by increased expression of Axin2. Importantly, Wnt3a treatment decreased HMGCS2 protein ([Figure 2](#cells-08-01106-f002){ref-type="fig"}A) and mRNA ([Figure 2](#cells-08-01106-f002){ref-type="fig"}B) expression in LS174T and Caco2 cells.

To further confirm the decrease of HMGCS2 expression by Wnt/β-catenin pathway activation, LS174 and Caco2 cells were treated with LiCl, which activates Wnt/β-catenin signaling by inhibiting GSK3β activity in normal and colorectal cancer cells \[[@B39-cells-08-01106],[@B40-cells-08-01106]\]. In agreement with Wnt3a, treatment with LiCl resulted in a dose-dependent inhibition of HMGCS2 protein ([Figure 2](#cells-08-01106-f002){ref-type="fig"}C) and mRNA ([Figure 2](#cells-08-01106-f002){ref-type="fig"}D) expression in these cells.

To demonstrate the effect of Wnt/β-catenin signaling activation on HMGCS2 expression in normal intestinal cells, mouse small intestinal organoids cultured in Matrigel were incubated with Wnt3a (0 or 100 ng/mL) for 3 days. As shown in [Figure 2](#cells-08-01106-f002){ref-type="fig"}E, Wnt3a treatment suppressed the expression of HMGCS2 protein, accompanied with an increased level of β-catenin protein. Taken together, our findings demonstrate that Wnt/β-catenin pathway activation suppressed the expression of HMGCS2 in intestinal cells.

3.3. Regulation of Ketogenesis by Wnt/β-Catenin Signaling in Intestinal Cancer Cell Lines and Organoids {#sec3dot3-cells-08-01106}
-------------------------------------------------------------------------------------------------------

HMGCS2 plays a pivotal role in the synthesis of ketone bodies \[[@B23-cells-08-01106]\]. To determine if Wnt/β-catenin-mediated alteration of HMGCS2 expression correlated with alteration of ketone body production, we measured the concentration of βHB, which is the most abundant ketone body \[[@B23-cells-08-01106]\]. Intracellular βHB content was increased in LS174T and Caco2 cells transfected with β-catenin siRNA or treated with iCRT3 consistently with protein and mRNA expression of HMGCS2 ([Figure 3](#cells-08-01106-f003){ref-type="fig"}A). In contrast, activation of the Wnt/β-catenin pathway by treatment with Wnt3a or LiCl repressed βHB production in these cells ([Figure 3](#cells-08-01106-f003){ref-type="fig"}B). Moreover, Wnt3a treatment reduced βHB content in both cell lysates and conditioned media from mouse intestinal organoid cultures ([Figure 3](#cells-08-01106-f003){ref-type="fig"}C). Together, our findings showed negative regulation of ketogenesis by Wnt/β-catenin signaling in intestinal cells.

3.4. Wnt/β-Catenin Signaling Regulated Ketogenesis Independent of c-Myc {#sec3dot4-cells-08-01106}
-----------------------------------------------------------------------

Previously, it has been reported that HMGCS2 is a target of c-Myc, which suppresses HMGCS2 transcriptional activity \[[@B24-cells-08-01106]\], suggesting that Wnt/β-catenin signaling may regulate HMGCS2 expression through c-Myc, a known target of the Wnt/β-catenin pathway \[[@B8-cells-08-01106]\]. To determine whether c-Myc mediates the effect of the Wnt/β-catenin pathway in the regulation of HMGCS2 expression, LS174T cells were transfected with NTC or c-Myc siRNA and then treated with iCRT3. Treatment with iCRT3 dramatically increased HMGCS2 expression and decreased protein expression of c-Myc. However, cells bearing c-Myc siRNA showed more decreased c-Myc expression and only slightly increased basal HMGCS2 expression compared with cells treated with iCRT3 ([Figure 4](#cells-08-01106-f004){ref-type="fig"}A). These data suggested that iCRT3 did not increase HMGCS2 expression through the repression of c-Myc. To further delineate the role of c-Myc in the regulation of HMGCS2 expression, LS174T cells infected with an adenovirus encoding a GFP control or c-Myc were treated with iCRT3. As shown in [Figure 4](#cells-08-01106-f004){ref-type="fig"}B, overexpression of c-Myc slightly reduced HMGCS2 expression and, importantly, overexpression of c-Myc did not affect the induction of HMGCS2 by Wnt/β-catenin inhibition, suggesting that c-Myc is not required for Wnt/β-catenin regulation of HMGCS2 expression. Similarly, knockdown of β-catenin increased HMGCS2 expression; this increase was not attenuated by c-Myc overexpression in LS174T cells ([Figure 4](#cells-08-01106-f004){ref-type="fig"}C). Collectively, our data demonstrated that the regulation of HMGCS2 by the Wnt/β-catenin pathway is not through the regulation of c-Myc expression.

3.5. PPAR*γ* Mediated the Role of Wnt/β-Catenin Signaling in the Regulation of Ketogenesis {#sec3dot5-cells-08-01106}
------------------------------------------------------------------------------------------

PPARα and PPARγ have been shown to control ketogenesis via regulation of HMGCS2 expression \[[@B17-cells-08-01106],[@B18-cells-08-01106]\]. To determine whether PPARs play a role in HMGCS2 regulation by Wnt/β-catenin signaling in intestinal cells, we investigated the protein levels of PPARα and γ in LS174T and Caco2 cells transfected with NTC or β-catenin siRNA. As shown in [Figure 5](#cells-08-01106-f005){ref-type="fig"}A, knockdown of β-catenin increased the protein level of HMGCS2, as expected. Importantly, β-catenin knockdown increased protein ([Figure 5](#cells-08-01106-f005){ref-type="fig"}A) and mRNA ([Figure 5](#cells-08-01106-f005){ref-type="fig"}B) levels of PPARγ but not PPARα, in LS174T and Caco2 cells. Conversely, activation of Wnt/β-catenin signaling by treatment with LiCl decreased protein ([Figure 5](#cells-08-01106-f005){ref-type="fig"}C) and mRNA ([Figure 5](#cells-08-01106-f005){ref-type="fig"}D) levels of PPARγ in these cells. These results demonstrated the negative regulation of PPARγ expression by Wnt/β-catenin signaling in LS174T and Caco2 cells. We next investigated whether the DNA binding activity of PPARγ and PPARα was regulated by Wnt/β-catenin signaling, using PPARγ or PPARα Transcription Factor Assay Kits. Knockdown of β-catenin increased the DNA binding activity of PPARγ ([Figure 5](#cells-08-01106-f005){ref-type="fig"}E, left), but not that of PPARα ([Figure S1A](#app1-cells-08-01106){ref-type="app"}, left) in LS174T cells. Conversely, activation of the Wnt/β-catenin pathway by treatment with LiCl suppressed PPARγ DNA binding activity ([Figure 5](#cells-08-01106-f005){ref-type="fig"}E, right) without affecting PPARα DNA binding activity ([Figure S1A](#app1-cells-08-01106){ref-type="app"}, right) in LS174T cells. To determine whether increased PPARγ expression and DNA binding activity was correlated with the increased expression of PPARγ target genes in CRC cells, the expressions of *FABP2* (fatty acid binding protein 2) and *PLIN2* (perilipin 2 or adipophilin), two PPARγ target genes \[[@B41-cells-08-01106],[@B42-cells-08-01106]\], were evaluated by real time RT-PCR. Knockdown of β-catenin increased, while treatment with LiCl repressed, the expression of *FABP2* and *PLIN2* in LS174T cells ([Figure 5](#cells-08-01106-f005){ref-type="fig"}F) and the expression of *PLIN2* in Caco2 cells ([Figure S1B](#app1-cells-08-01106){ref-type="app"}). Our results demonstrate that inhibition of Wnt/β-catenin signaling increased, while activation of Wnt/β-catenin pathway decreased, the expression and transcriptional activity of PPARγ, but not PPARα, in intestinal cancer cell lines.

We next determined whether PPARγ regulates HMGCS2 expression in intestinal cells. Knockdown of PPARγ decreased HMGCS expression in LS174T ([Figure 6](#cells-08-01106-f006){ref-type="fig"}A) and Caco2 cells ([Figure S2A](#app1-cells-08-01106){ref-type="app"}). Moreover, treatment with rosiglitazone (RGZ), a highly potent and selective PPARγ agonist \[[@B43-cells-08-01106]\], significantly increased HMGCS2 protein and mRNA expression in LS174T cells ([Figure 6](#cells-08-01106-f006){ref-type="fig"}B) and Caco2 cells ([Figure S2B](#app1-cells-08-01106){ref-type="app"}, left). Conversely, treatment with T 0070907 (T007), a PPARγ antagonist \[[@B44-cells-08-01106]\], dramatically decreased basal and attenuated iCRT3-induced HMGCS2 protein and mRNA expression in LS174T ([Figure 6](#cells-08-01106-f006){ref-type="fig"}C) and Caco2 ([Figure S2B](#app1-cells-08-01106){ref-type="app"}, right) cells. These results suggested that PPARγ, downstream of Wnt/β-catenin, mediates the effects of Wnt/β-catenin signaling in regulation of ketogenesis in LS174T and Caco2 cells.

To further demonstrate the transcriptional regulation of *HMGCS2* by Wnt/β-catenin/PPARγ signaling, ChIP-qPCR assay was performed using PPARγ antibody. As shown in [Figure 6](#cells-08-01106-f006){ref-type="fig"}D, knockdown of β-catenin resulted in increased binding of PPARγ to the *HMGCS2* promoter containing PPAR-binding element (PPRE) in LS174T cells. These findings suggest that Wnt/β-catenin signaling regulates HMGCS2 expression through controlling PPARγ expression and recruitment to the *HMGCS2* promoter.

We have demonstrated the regulation of HMGCS2 expression by Wnt/β-catenin/PPARγ signaling pathway. To determine whether this regulation was correlated with the control of ketone body synthesis, we measured the concentration of βHB. As shown in [Figure 6](#cells-08-01106-f006){ref-type="fig"}E, activation of PPARγ by treatment with RGZ increased βHB content in LS174T and Caco2 cells. In contrast, inhibition of PPARγ by knockdown of PPARγ or treatment with T007 reduced βHB production in these cells. Taken together, our findings demonstrated that PPARγ mediates the effects of Wnt/β-catenin signaling in regulation of ketogenesis in the intestinal cancer cell lines LS174T and Caco2.

3.6. Regulation of Glycolysis by Wnt/β-Catenin/HMGCS2 Pathway {#sec3dot6-cells-08-01106}
-------------------------------------------------------------

Emerging evidence indicates that the Wnt/β-catenin pathway controls cellular metabolism, including glycolysis \[[@B45-cells-08-01106],[@B46-cells-08-01106],[@B47-cells-08-01106]\]. In particular, Wnt/β-catenin signaling augments aerobic glycolysis in CRC cells \[[@B47-cells-08-01106]\]. Results from our laboratory \[[@B29-cells-08-01106]\] and others \[[@B48-cells-08-01106]\] have shown that decreased glycolysis is associated with increased intestinal enterocyte differentiation. Moreover, inhibition of glycolysis has been shown to contribute to normal intestinal cell differentiation \[[@B33-cells-08-01106]\]. To delineate the functional relationship between Wnt/β-catenin signaling and HMGCS2 in regulation of glycolysis, LS174T cells with β-catenin or HMGCS2 knockdown were subjected to Seahorse Extracellular Flux analysis. As shown in [Figure 7](#cells-08-01106-f007){ref-type="fig"}A and [Figure S3A](#app1-cells-08-01106){ref-type="app"}, knockdown of β-catenin reduced glycolysis. Consistently, knockdown of HMGCS2 significantly increased the extracellular acidification rate (ECAR) ([Figure 7](#cells-08-01106-f007){ref-type="fig"}A), which was associated with increased glycolytic capacity ([Figure S3B](#app1-cells-08-01106){ref-type="app"}) in LS174T cells. Intestinal cells can differentiate into an enterocyte-like phenotype characterized by the expression of brush-border enzymes such as intestinal alkaline phosphatase (IAP) and sucrose--isomaltase (SI) \[[@B29-cells-08-01106]\]. In addition, we found that ketogenesis contributes to intestinal cell differentiation \[[@B29-cells-08-01106]\]. As we found knockdown of HMGCS2 increased glycolysis, we first determined whether inhibition of glycolysis contributes to differentiation in these CRC cells. Treatment with 2-DG, a glycolysis inhibitor \[[@B49-cells-08-01106]\] significantly increased IAP activity in LS174T and Caco2 cells ([Figure 7](#cells-08-01106-f007){ref-type="fig"}B) and induced mRNA levels of SI and IAP in Caco2 and LS174T cells ([Figure 7](#cells-08-01106-f007){ref-type="fig"}C and [Figure S3C](#app1-cells-08-01106){ref-type="app"}), respectively. Moreover, treatment with 2-DG increased mRNA expression of *p21^Waf1^*, which suppresses intestinal cell growth and promotes differentiation \[[@B50-cells-08-01106]\], and *Caudal-related homeobox transcription factor 2* (*CDX2*), which regulates intestinal epithelium renewal \[[@B51-cells-08-01106]\], in Caco2 cells ([Figure 7](#cells-08-01106-f007){ref-type="fig"}C). Taken together, our results suggested a novel role of HMGCS2 in the suppression of glycolysis, which inhibits intestinal cell differentiation.

4. Discussion {#sec4-cells-08-01106}
=============

The Wnt/β-catenin pathway plays a critical role in an extensive range of physiological and pathological processes \[[@B8-cells-08-01106],[@B9-cells-08-01106],[@B52-cells-08-01106]\]. In particular, Wnt/β-catenin signaling is involved in adult epithelial homeostasis, gut development, and pathogenesis of intestinal cells \[[@B4-cells-08-01106],[@B10-cells-08-01106],[@B11-cells-08-01106]\]. Here, we have shown that HMGCS2 is a novel target of the Wnt/β-catenin/PPARγ pathway in intestinal cells. Wnt/β-catenin signaling regulates the expression of HMGCS2 and βHB production in human intestinal cells. Moreover, Wnt/β-catenin signaling modulates ketogenesis through the regulation of PPARγ expression and recruitment to the *HMGCS2* promoter. In addition, knockdown of HMGCS2 increases glycolysis, which regulates differentiation in intestinal cancer cells. Taken together, our results suggest a negative regulation of ketogenesis by Wnt/β-catenin signaling.

Our findings identified HMGCS2 as a novel downstream target gene of Wnt/β-catenin signaling in intestinal cells. A variety of signaling molecules such as Wnt, which is expressed in a gradient along the crypt--villus axis, spatially and temporally regulate a homeostatic balance between proliferation and differentiation in the intestinal epithelium \[[@B2-cells-08-01106],[@B3-cells-08-01106],[@B4-cells-08-01106]\]. Among these factors, EphB receptors and Ephrin-B ligands, which have key roles in regulation of migration and adhesion of cells, are downstream target genes of the Wnt/β-catenin pathway in the intestine \[[@B4-cells-08-01106],[@B53-cells-08-01106]\]. In addition, transcription factor *Sox9*, which suppresses differentiation associated genes such as *CDX2* and *Mucin2*, is also regulated by the Wnt/β-catenin pathway \[[@B4-cells-08-01106],[@B54-cells-08-01106]\]. Moreover, we found that strong staining of HMGCS2 was detected in small intestinal villi, the most differentiated region of the small bowel mucosa \[[@B29-cells-08-01106]\]. In contrast, in agreement with the inhibition of HMGCS2 expression by activation of Wnt/β-catenin pathway, activation of Wnt/β-catenin signaling is highest in the bottom part of the crypts and is gradually decreased along the crypt--villus axis \[[@B30-cells-08-01106]\]. Based on the above studies, our results further suggest a functional relationship between HMGCS2 and Wnt/β-catenin signaling in regulation of intestinal cell proliferation and differentiation.

Recently, we have reported a contributory role of HMGCS2 in intestinal cell differentiation \[[@B29-cells-08-01106]\]. Increases in ketogenesis by overexpression of HMGCS2 in intestinal cell lines, or in mice fed with a ketone diet, increase intestinal differentiation, while knockdown of HMGCS2 attenuates intestinal cell differentiation \[[@B29-cells-08-01106]\]. Wnt/β-catenin signaling plays an essential role in maintenance of the intestinal epithelium in the adult organism. Inhibition of Wnt/β-catenin signaling has been shown to block proliferation and increased enterocyte differentiation \[[@B55-cells-08-01106]\]. In this study, we showed that Wnt/β-catenin signaling negatively regulates the expression of HMGCS2 and βHB production in two intestinal cancer cell lines. These results suggest that the Wnt/β-catenin pathway regulates the balance between proliferation and differentiation, at least in part, through the regulation of ketogenesis. It is likely that altered expression of HMGCS2 is responsible for the impaired equilibrium between intestinal cell proliferation and differentiation associated with several diseases, including CRC, with activation of Wnt/β-catenin signaling. Indeed, our laboratory and others have found that low expressions of HMGCS2 protein were observed in moderately and poorly differentiated colorectal adenocarcinomas compared with well-differentiated tumors \[[@B24-cells-08-01106],[@B56-cells-08-01106]\]. Moreover, application of a ketogenic diet delayed CRC cell growth in a mouse xenograft model \[[@B57-cells-08-01106]\]. Based on previous reports and our current data, HMGCS2, as a target of Wnt/β-catenin signaling, plays a role in maintenance of intestinal cell homeostasis.

We showed that Wnt/β-catenin signaling regulates ketogenesis independently of c-Myc. Oncogenic c-Myc has been shown to inhibit HMGCS2 expression in CRC cells \[[@B24-cells-08-01106]\]. The c-Myc oncogene, involved in cell proliferation and transformation, is a transcription factor that can alter approximately 15% of genes and can activate or repress the expression of several target genes \[[@B58-cells-08-01106]\]. Expression of c-Myc is controlled by several growth-promoting factors such as E2F and the Wnt/β-catenin pathway. It is frequently overexpressed in many types of tumors, including CRC \[[@B59-cells-08-01106],[@B60-cells-08-01106]\]. Additionally, aberrant activation of Wnt/β-catenin signaling results in the induction of c-Myc expression \[[@B61-cells-08-01106]\]. Although *HMGCS2* has been identified as a c-Myc target gene, which transcriptionally inhibits *HMGCS2* expression in CRC cells \[[@B24-cells-08-01106]\], it is unlikely that c-Myc plays a role in the regulation of HMGCS2 expression by Wnt/β-catenin signaling, since either knockdown or overexpression of c-Myc has minor effects on Wnt/β-catenin-regulated HMGCS2 expression. Our results demonstrated that c-Myc is minimally involved in the regulation of HMGCS2 expression by Wnt/β-catenin signaling in intestinal cells.

Our findings showed that the Wnt/β-catenin pathway regulates ketogenesis by targeting PPARγ. PPARs are ligand-activated transcription factors, which regulate important processes in cellular homeostasis such as cell proliferation, differentiation, and metabolism \[[@B14-cells-08-01106],[@B15-cells-08-01106]\]. Among the PPAR family, it is well known that PPARα is the major transcription factor responsible for fatty acid metabolism and ketone body biosynthesis via controlling the expression of HMGCS2 \[[@B17-cells-08-01106],[@B23-cells-08-01106]\]. With regard to Wnt/β-catenin signaling, PPARγ behaves in an opposite manner and is regulated by the Wnt/β-catenin pathway in colon epithelial cells, and is a key regulator of adipogenesis as well as lipid and glucose metabolism \[[@B14-cells-08-01106],[@B19-cells-08-01106],[@B20-cells-08-01106],[@B21-cells-08-01106]\]. Moreover, PPARγ is involved in the regulation of cell growth and differentiation in normal and cancer tissues \[[@B62-cells-08-01106],[@B63-cells-08-01106]\]. In intestinal epithelial cells, PPARγ inhibits proliferation, increases differentiation, and reduces the size of the proliferative zone for intestinal crypts \[[@B64-cells-08-01106]\]. High levels of PPARγ correlate with highly differentiated cells at the top of the colonic crypts \[[@B65-cells-08-01106]\].

Our results demonstrated that Wnt/β-catenin signaling inhibits HMGCS2 expression by suppressing the expression and activation of PPARγ. In agreement with our findings, it has been shown that activity of Wnt/β-catenin pathway presented negative regulation of PPARγ expression and activation in various pathological conditions, including CRCs \[[@B20-cells-08-01106],[@B66-cells-08-01106],[@B67-cells-08-01106]\]. However, it has also been reported that PPARγ-β-catenin interaction seems to increase the stability of the PPARγ protein and enhance PPARγ activity in APC^Min^ mice and in SW480 human colon cancer cells \[[@B42-cells-08-01106]\]. These controversial intricacies imply that multiple mechanisms may be involved in the regulation of PPARγ expression and its function by Wnt/β-catenin signaling; therefore, further work is needed to clarify this differential effects of Wnt/β-catenin signaling on PPARγ activation.

The results presented here also show that HMGCS2 negatively regulates glycolysis, and inhibition of glycolysis results in increased enterocyte differentiation. The Wnt/β-catenin pathway promotes cell proliferation by altering glycolysis in CRC \[[@B45-cells-08-01106],[@B47-cells-08-01106]\]. Inhibition of Wnt/β-catenin signaling decreased, whereas inhibition of ketogenesis increased glycolysis in intestinal cells. Consistently with our results, it has been shown that increased ketogenesis results in decreased glycolytic activity in neurons \[[@B68-cells-08-01106],[@B69-cells-08-01106]\]. In addition, results from our laboratory \[[@B29-cells-08-01106]\] and others \[[@B48-cells-08-01106]\] have shown that decreased glycolysis is associated with increased intestinal enterocyte differentiation. These results suggest a role for glycolysis in the regulation of intestinal cell differentiation. Indeed, our results showed that inhibition of glycolysis increased intestinal enterocyte differentiation marker expression. Taken together, these results suggest that the Wnt/β-catenin/HMGCS2 axis regulates intestinal cell differentiation through the alteration of glycolysis.

In summary, we showed that HMGCS2 expression and βHB concentration are regulated by the Wnt/β-catenin/PPARγ pathway in human intestinal cancer cell lines and mouse intestinal organoid cultures. Furthermore, our results suggest that HMGCS2 regulates differentiation through regulation of glycolysis. Our findings identified a functional link between Wnt/β-catenin/PPARγ and ketogenesis in intestinal cells ([Figure 7](#cells-08-01106-f007){ref-type="fig"}D), suggesting that HMGCS2, acting as a downstream target of the Wnt/β-catenin/PPARγ pathway, contributes to the maintenance of intestinal homeostasis.
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![Inhibition of Wnt/β-catenin signaling increased 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) expression in human intestinal cancer cells. (**A**,**B**) LS174T or Caco2 cells transfected with non-target control (NTC) siRNA or β-catenin (β-cat) siRNA were incubated for 48 h. (**A**) Western blot analysis was performed using the antibodies as indicated. HMGCS2 expression from three separate western blots was quantitated densitometrically and is expressed as fold change with respect to β-actin (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. NTC). (**B**) The level of *HMGCS2* mRNA was assessed by real-time RT-PCR (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. NTC). (**C**,**D**) Inhibition of Wnt/β-catenin signaling increased the expression of HMGCS2 in LS174T and Caco2 cells. LS174T or Caco2 cells were treated with iCRT3 for 24 h (LS174T) or 48 h (Caco2). (**C**) Western blot analysis was performed using the antibodies as indicated. (**D**) *HMGCS2* mRNA expression was assessed by real time RT-PCR (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. 0 μM iCRT3).](cells-08-01106-g001){#cells-08-01106-f001}

![Activation of Wnt/β-catenin pathway suppressed HMGCS2 expression. (**A**,**B**) LS174T and Caco2 cells were treated with 200 ng/mL Wnt3a for 24 h. (**A**) Western blot analysis was performed using the antibodies as indicated. Densitometric quantification from three separate experiments was performed and is represented as fold change with respect to β-actin (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. 0 ng/mL Wnt3a). (**B**) The level of *HMGCS2* mRNA was determined by real-time RT-PCR. (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. 0 ng/mL Wnt3a). (**C**,**D**) LS174T and Caco2 cells were treated with various dosages of LiCl or 40 mM of NaCl as control for 24 h. (**C**) Western blot analysis was performed using the antibodies as indicated. (**D**) The level of *HMGCS2* mRNA was determined by real-time RT-PCR. (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. 40 mM NaCl). (**E**). Mouse small intestinal organoids were treated with 100 ng/mL Wnt3a for 3 days. HMGCS2 protein expression was determined by western blotting. Densitometric analysis from three independent experiments was performed and is represented as fold change with respect to β-actin (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. 0 ng/mL Wnt3a).](cells-08-01106-g002){#cells-08-01106-f002}

![Regulation of β-hydroxybutyrate (βHB) production by Wnt/β-catenin signaling in intestinal cells. (**A**) LS174T and Caco2 cells, transfected with NTC or β-catenin siRNA (β-cat) and incubated for 48 h or treated with iCRT3 for 24 h (LS174T) or 48 h (Caco2), were lysed and βHB content was measured using a βHB assay kit (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. NTC or 0 μM iCRT3). (**B**) LS174T and Caco2 cells were treated with 200 ng/mL Wnt3a or 40 mM LiCl (40 mM NaCl as control) for 24 h. Cell lysates were used for measurement of βHB content using a βHB assay kit (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. 0 ng/mL Wnt3a or 40 mM NaCl). (**C**) Mouse small intestinal organoids were treated with 100 ng/mL Wnt3a for 3 days. βHB content in cell lysates and conditioned media was determined using a βHB assay kit (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. 0 ng/mL Wnt3a).](cells-08-01106-g003){#cells-08-01106-f003}

![Effect of c-Myc on HMGCS2 regulation by Wnt/β-catenin pathway in LS174T cells. (**A**) LS174T cells transfected with NTC or c-Myc siRNA were treated with iCRT3 for 24 h. (**B**) LS174T cells infected with Ad-GFP control or Ad-c-Myc were treated with iCRT3 (25 μM) for 24 h. (**C**) LS174T cells transfected with NTC or β-catenin were infected with Ad-GFP control or Ad-c-Myc. Western blot analysis was performed using the antibodies as indicated. HMGCS2 expression from three separate western blots was quantitated densitometrically and is expressed as fold change with respect to β-actin (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. NTC or GFP control).](cells-08-01106-g004){#cells-08-01106-f004}

![The expression and activity of PPARγ was regulated by the Wnt/β-catenin pathway in intestinal cancer cell lines. (**A**,**B**) LS174T or Caco2 cells were transfected with NTC or β-catenin siRNA and incubated for 48 h. (**A**) Western blot analysis was performed using the antibodies as indicated. PPARγ expression from three independent experiments was quantitated densitometrically and is expressed as fold change with respect to β-actin (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. NTC). (**B**) *PPAR*γ mRNA was assessed by real-time RT-PCR (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. NTC). (**C**,**D**) LS174T or Caco2 cells were treated with NaCl (40 mM) as control or LiCl (40 mM) for 24 h. (**C**) Western blotting was performed using the antibodies as indicated. Densitometric analysis from three separate experiments was performed and PPARγ expression is represented as fold change with respect to β-actin (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. 40 mM/mL NaCl). (**D**) *PPAR*γ mRNA was assessed by real-time RT-PCR (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. 40 mM/mL NaCl control). (**E**) LS174T cells were transfected with NTC or β-catenin siRNA for 48 h or treated with 40 mM NaCl or 40 mM LiCl for 24 h and PPARγ DNA-binding activity was determined as described under Materials and Methods (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. NTC or 40 mM NaCl). (**F**) Expression of *FABP2* and *PLIN2* mRNA was assessed by real-time RT-PCR. (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. NTC or 40 mM/mL NaCl).](cells-08-01106-g005){#cells-08-01106-f005}

![PPARγ regulated HMGCS2 expression in intestinal cancer cell lines. (**A**). LS174T cells were transfected with NTC or PPARγ siRNA. Expression of PPARγ and HMGCS2 was determined by western blot analysis. HMGCS2 expression from three separate western blots was quantitated densitometrically and is expressed as fold change with respect to β-actin (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. NTC). (**B**,**C**). (**B**) LS174T cells were treated with rosiglitazone (RGZ), an agonist of PPARγ for 24 h; (**C**) LS174T cells were treated with iCRT3 in the presence or absence of T 0070907 (T007), an antagonist of PPARγ for 24 h. Protein expression of HMGCS2 was measured by western blot analysis. Densitometric quantification from three independent experiments was performed and is represented as fold change with respect to β-actin (*n* = 3, data represent mean ± SD; \* *p* \< 0.05 vs. 40 mM NaCl or vehicle control). The level of *HMGCS2* mRNA was assessed by real-time RT-PCR (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. control). (**D**). LS174T cells were transfected with NTC or β-catenin siRNA. DNA was extracted and ChIP-qPCR was performed using PPARγ or IgG antibody. The binding efficiency of PPARγ to the promoter regions of *HMGCS2* or *IFN-λ1* (as non-regulated control (NRC)) was analyzed and is represented as a percent of input (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. NTC). (**E**). LS174T cells were treated with RGZ for 24 h, or transfected with NTC or β-catenin siRNA; Caco2 cells were treated with RGZ or T007 for 24 h. Cells were lysed and βHB content was determined using a βHB assay kit. (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. control or NTC).](cells-08-01106-g006){#cells-08-01106-f006}

![Regulation of glycolysis by Wnt/β-catenin/HMGCS2 pathway. (**A**) LS174T cells transfected with NTC siRNA or siRNA targeting HMGCS2 or β-catenin were subjected to Seahorse Extracellular Flux analysis (left) (*n* = 9, data represent mean ± SD; \* *p* \< 0.05 vs. NTC). Knockdown of HMGCS2 and β-catenin was confirmed by western blot analysis (right). (**B**,**C**) LS174T cells were treated with 2-DG, a glycolysis inhibitor for 24 h. Caco2 cells were treated with 2-DG for 24 h (RNA) or 48 h (IAP activity assay). (**B**) IAP activity was measured (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. 0 mM 2-DG). (**C**) Expression of *SI*, *p21^Waf1^* and *CDX2* mRNA was assessed by real-time RT-PCR. (*n* = 3, data represents mean ± SD; \* *p* \< 0.05 vs. 0 mM 2-DG). (**D**) Inhibition of the Wnt/β-catenin pathway resulted in the increased expression and activation of PPARγ, and thus increased ketogenesis by induction of HMGCS2. Ketogenesis contributes to intestinal cell differentiation via the inhibition of glycolysis.](cells-08-01106-g007){#cells-08-01106-f007}
